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Introduction 21 22
Gene duplication is regarded as one of the key drivers of evolution, contributing to the generation 23 and accumulation of new genetic material within species 1, 2 . Duplication creates an initial 24 multiplication of dosage and functional redundancy, but the trends dictating how duplicated genes 25 retain function or diverge are still unclear. The processes governing the distribution of molecular 26 roles within gene families also have important consequences for annotating genes, which generally 27 takes advantage of sequence similarity and conservation over vast timescales of divergence to infer 28 functions of homologous genes across species. Many individual studies have directly tested the 29 conservation of function among orthologs from different species by swapping them from one 30 species into another 3,4 . However, only recently have efforts been made to test such functional 31 equivalence more systematically, with several recent large-scale studies harnessing "the awesome 32 power of yeast genetics" to systematically replace yeast genes by their human, plant, or even 33 bacterial counterparts and assay for functional compatibility [5] [6] [7] [8] [9] [10] . Although humans and yeast last 34 shared a common ancestor nearly a billion years ago, these studies have demonstrated that 35 substantial fractions (12-47%) of tested essential yeast genes could be replaced by their human 36 equivalents [5] [6] [7] [8] [9] 11 . The ability of many human genes to functionally replace their yeast orthologs 37 demonstrates the high degree of functional conservation in eukaryotic systems over billion year 38 evolutionary timescales 9,10 . 39 40 Previous humanization efforts in yeast have primarily focused on ortholog pairs with no obvious 41 duplications within yeast and human lineages (1:1 orthologs), only partially testing the orthologs 42 in expanded gene families [5] [6] [7] 9, 11 and seldom beyond assaying impact on growth rate. In this study, 43 to better understand functional conservation across expanded gene families in core eukaryotic 44 processes, we focused on the major structural components of the eukaryotic cytoskeleton, 45 including actins, myosins, septins, and tubulin genes. Genes constituting the eukaryotic 46 cytoskeleton play key roles in critical cellular processes, mainly organizing the contents of the cell 47 by dynamically controlling cell shape, positioning organelles, and transporting macromolecules 48
including chromosomes across the cell through the generation of coordinated mechanical forces 12-49 14 . Importantly, cytoskeletal gene families have undergone large expansions along the human 50 lineage, while being restricted to only a few family members in yeast ( Fig. 1) . 51 52 Advances in comparative genomics have shed light on the likely cytoskeletal components present 53 in the last eukaryotic common ancestor (LECA) [12] [13] [14] . Additionally, phylogenetic profiling studies 54 of the cytoskeleton have been highly informative in inferring gene loss and retention events across 55 eukaryotic clades 13,14 (Fig. 1) . Such studies suggest that the origins of the eukaryotic cytoskeleton 56 predate eukaryogenesis and ancestrally trace back to primitive tubulin-and actin-like homologs in 57 bacteria 13 . These components critical in cell division subsequently evolved to incorporate families 58 of accessory motors and regulatory proteins expanding towards performing vital cellular roles, 59 including phagocytosis, motility and vesicular transport, still evident across vast eukaryotic clades 60 of life 13, [15] [16] [17] [18] . 61 62 Though the cellular roles of human cytoskeletal gene families have been broadly elucidated, aided 63 by studies in simpler eukaryotes [19] [20] [21] [22] [23] , the specific functions of their constituent family members in 64 humans have to date still only been partially characterized [24] [25] [26] [27] [28] [29] [30] . Functional assays in human cell 65 lines pose the challenge of functional redundancy, with buffering by other paralogs complicating 66 the determination of paralog-specific roles within cytoskeletal gene families. The high degree of 67 sequence conservation among paralogs within each cytoskeletal family make functional analysis 68 of individual cytoskeletal genes directly in human cells both experimentally and computationally 69 cumbersome. However, cross-species gene swaps have the potential to provide direct assays of 70 individual paralogs within these expanded gene families, thereby revealing the extent to which 71 present day orthologous genes retain ancestral function. 72
73
To understand the extent to which human cytoskeletal genes in expanded orthogroups retain cross-74 species functional equivalence, we systematically humanized major elements of the yeast 75 cytoskeleton. We tested ~85% (50/59) of all human genes from actin, myosin, septin, and tubulin 76 families, using a combination of classical yeast genetics and CRISPR-Cas9 mediated genome 77 editing to assay the replaceability of essential cytoskeletal orthologs, as initially determined via 78 simple growth rescue complementation assays. Overall, we show that (13/59) members from 5 of 79 7 tested gene families (actin, heavy myosin, septin, βand ɣ-tubulin) can indeed execute essential 80 roles of their yeast counterparts. Within each replaceable family we show that several present-day 81 human orthologs still possess functional roles of their respective opisthokont ancestors compatible 82 in a yeast cellular context. Additionally, we characterized cellular phenotypes beyond growth and 83 observed differential abilities among complementing human cytoskeletal genes to carry out non-84 essential cytoskeletal roles, including those in cell morphology, sporulation, mating, meiosis, and 85 cytokinesis. Besides revealing human cytoskeletal orthologs capable of performing their core 86 eukaryotic roles, yeast strains with human cytoskeleton components additionally serve as cellular 87 reagents to study the specific roles of expanded cytoskeletal gene family members in a simplified 88 unicellular eukaryotic context. 89 90 Results 91 92
Human cytoskeletal genes can functionally replace their corresponding yeast orthologs 93
Of the 324 cytoskeleton genes in yeast, 101 are essential for growth in standard laboratory 94 conditions and possess identifiable human orthologs as determined by EggNOG 31 and InParanoid 32 95 ( Fig. S1) . We focused on orthologs constituting major structural elements of the eukaryotic 96 cytoskeleton, including actin, myosin, septin, and tubulin gene families identifying 106 testable 97 human-yeast ortholog pairs. By restricting our tests to elements of the yeast cytoskeleton essential 98 for cell growth in standard lab conditions, we could initially assay replaceability of human genes 99 in yeast via simple growth rescue assays. Since human cytoskeletal gene families have undergone 100 multiple duplication events, we systematically swapped each human gene within a family in place 101 of its corresponding yeast ortholog to assay if present day human genes could still complement the 102 lethal loss of their yeast ortholog(s). 103
104
Complementation assays in yeast were carried out in 3 different ways (Fig. 2) , wherein 105 orthologous yeast genes could be (i) genetically segregated away after sporulation of a 106 heterozygous diploid deletion strain 33-35 ( Fig. S2A) (ii) inactivated via a temperature-sensitive 107 allele 22,36 ( Fig. S3A ) or (iii) endogenously replaced by homologous recombination repair with the 108 human ortholog(s) following CRISPR-Cas9 cleavage 8,37 (Fig. S4A) . 109 110 Each assayed human gene was sequence verified and either sub-cloned into a single-copy (CEN) 111 yeast expression vector transcriptionally controlled by a constitutive GPD promoter [in assays (i) 112 and (ii)] or PCR amplified with flanking homology to the yeast locus of interest [in assay (iii)]. In 113 cases involving heterozygous diploid sporulation assays, we leveraged the heterozygous diploid 114 deletion collection 33 , wherein one copy of the yeast ortholog being queried has been replaced with 115 a KanMX resistance module thus enabling selection of haploids with either the null (conferring 116 G418 antibiotic resistance) or the wild-type allele (susceptible to G418) post sporulation ( Fig.  117 S2B, C). In cases of temperature-sensitive (ts) haploid strains, yeast genes of interest function 118 optimally at the permissive temperature (25°C) but harbor mutations inactivating them at the 119 restrictive temperature (37°C), allowing for temperature-dependent growth rescue 120 complementation assays ( Fig. S3B, C) . Finally, in cases of endogenously chromosomal 121 replacement, human genes were assayed by natively substituting their yeast ORF mediated via 122 CRISPR-Cas9 37 (Fig. S4B, C) . 123 124 By taking advantage of full-length human cDNA clones from the human ORFeome 38-40 and 125 existing yeast strains with null (or conditionally null) alleles for the relevant orthologs 22,22,33,34,36 , 126 we could successfully carry out 86 complementation assays across 89 human-yeast ortholog pairs, 127 testing 50 out of 59 (~85%) human genes across the 7 major cytoskeletal gene families. We 128 observed that 13 (~26%) of the 50 tested human genes could functionally replace their yeast 129 orthologs in at least one of the three assay types, while 37 (~72%) could not ( Fig. 2, Table S1 , 130 S2). In particular, we found that 2 of 9 actin, 4 of 11 myosin (heavy chain), 4 of 13 septin, 2 of 9 131 βand 1 of 2 ɣ-tubulin human genes complemented lethal growth defects caused by loss of their 132 corresponding yeast orthologs, whereas genes from the human light chain myosin and α-tubulin 133 families did not ( Fig. 3A) . Since the septin family had expansions in both human and yeast 134 lineages, we systematically assayed all human septins against 4 yeast deletion backgrounds 135 (CDC3, CDC10, CDC11, and CDC12), observing that complementing human septins functionally 136 replaced only CDC10. Thus, within 5 of these 7 essential cytoskeletal gene families, at least one 137 extant human gene could substitute for its yeast ortholog, indicating that the yeast and human genes 138 both still executed the essential roles of their shared opisthokont ancestor. 139
140
To assay robustness of complementation and better measure the extent to which human orthologs 141 complemented in standard laboratory conditions, we performed quantitative growth assays on the 142 humanized strains. We measured growth at 30°C (except for temperature-sensitive strains 143 measured at 37°C) ( Fig. 3B) . While humanized septins showed no major growth defects, humanization of actin, heavy myosin, and tubulin genes led to minor growth differences. In 145 particular, we found that replacement of yeast actin (ACT1) with Hs-ACTG2 significantly slowed 146 down growth and exhibited doubling times twice as long as wild-type yeast ( Fig. 3B (i) , Table  147 S3), accompanied by reduced O.D. at stationary phase. Humanizing the yeast heavy myosin with 148
Hs-MYH9 did not affect growth to saturation phase with even its doubling time being twice the 149 wild-type rate ( Fig. 3B (ii) ). In contrast, humanized ɣ-tubulin (Hs-TUBG2) strains showed 150 drastically slow growth rates, doubling at one-quarter the rate of wild-type lab strains-and cells 151 failed to reach comparable biomass at saturation ( Fig. 3B (iv) , Table S3 ). More broadly, we found 152 that under standard laboratory growth conditions, most humanized strains exhibited growth 153 profiles comparable to wild-type yeast. 154
155
To probe growth effects of humanization in more detail, we subjected the strains (except those 156 assays performed in a temperature-sensitive strain background) to temperature stress, repeating 157 the growth assays at low and high temperatures. While most humanized strains grew at wild-type 158 rates at 25°C ( Fig. S9 bottom) , we observed differential effects at 37°C ( Fig. S9 top) . In yeast, β-tubulin (TUB2) is primarily associated with chromosome segregation during 168 budding 21,41,42 (asexual reproduction involving mitosis), mating 43,44 (sexual reproduction) and 169 sporulation 45 (starvation response involving meiosis). In our complementation assays, we observed 170 that the human β-tubulins Hs-TUBB4 and Hs-TUBB8 only complemented the loss of TUB2 when 171 genomically inserted at the yeast TUB2 locus but failed to do so in plasmid-based segregation 172 assays in heterozygous diploid knockout strains. Notably, plasmid expression was controlled 173 transcriptionally by a constitutive GPD promoter; both human genes failed to rescue its 174 corresponding heterozygous diploid yeast gene deletion leading to sporulation defects producing either mis-segregated ( Fig. 4A -left In order to determine whether replaceable human β-tubulins also rescued meiotic and sporulation 181 specific roles of their yeast ortholog, we mated haploid humanized strains (harboring human genes 182 at the corresponding yeast genes' native genomic loci) with wild-type yeast. These humanized 183 strains efficiently mated with wild-type yeast strains to produce viable diploids. We assayed if 184 these heterozygously humanized strains could successfully perform meiosis by sporulating the 185 diploids generated from our mating assays. We observed high spore viability for both Hs-TUBB4 186 (~96.9%) and Hs-TUBB8 (~84.4%) ( Fig. 4A & Fig. 4B -right panel) . Having shown that both 187 replaceable β-tubulins can efficiently mate with the wild-type strains (yielding high sporulation 188 efficiency similar to the wild-type diploids) ( Fig. S5A -right panel) , we next asked whether 189 strains homozygous for human β-tubulins could behave similarly. We sporulated the humanized 190 homozygous β-tubulin diploid strains assaying for proper progression through meiosis via 191 sporulation and found that these diploid humanized yeast strains also sporulated in both Hs-TUBB4 192 (93.8%) and Hs-TUBB8 (84.4%) cases. Next, we considered if human orthologs of yeast septins could also perform conditionally essential 203 cytoskeletal roles in yeast. The yeast septin family is a particularly interesting case of gene family 204 expansion as there have been duplications in both the human and yeast lineages, suggesting 205 ancestral functions might have been distributed across paralogs in both species. Yeast possess 7 206 septin genes (CDC3, CDC10, CDC11, CDC12, SPR3, SPR28, and SHS1) while humans have 13 207 septin genes 46 ( Fig. 1, 2A) . 3 of the 7 yeast septins (CDC3, CDC11, and CDC12) are essential for 208 vegetative growth (budding) in standard lab conditions. On testing 39 of the 91 testable septin 209 complementation pairs in each of the 3 septin null backgrounds, we found that none of the human 210 orthologs assayed could complement CDC3, CDC11, and CDC12. 211 212 While the remaining 4 septins (CDC10, SPR3, SPR28, and SHS1) are not essential for vegetative 213 growth, CDC10 however, plays essential roles in meiotic cell division, mating, and spore health, 214 with cdc10Δ strains exhibiting severe mating and sporulation defects 45,47-49 . Indeed, we also 215 observed that the diploid strain heterozygously null for CDC10 sporulated poorly, almost always 216 producing only 2 viable spores ( Fig. S2B(ii) ). 217
218
To identify human orthologs capable of rescuing sporulation defects caused by the loss of CDC10, 219
we systematically assayed each of the 13 human septin orthologs. We observed that 4 of 13 septins 220 (Hs-SEPT3, Hs-SEPT6, Hs-SEPT9, Hs-SEPT10) were capable of functionally complementing 221 CDC10's meiotic and sporulation roles ( Fig. 3) . Since cdc10Δ strains additionally show severe 222 mating defects 47,50 ( Fig. S6A) , we next asked if the expression of individual human septin 223 orthologs in a cdc10Δ strain could facilitate mating. We assayed this by cloning human septin 224 genes into yeast expression vectors (Materials and Methods) and individually transformed 225 cdc10Δ strains with each human septin clone. Subsequently, we mated each MATa transformant 226 to a complimentary MATα strain ( Fig. 5A) . While only 4 of 13 tested human septins, Hs-SEPT3, 227
Hs-SEPT6, Hs-SEPT9, and Hs-SEPT10, rescued CDC10's essential meiotic role, we found that all 228 assayed septins were capable of performing CDC10's role in mating ( Fig. 5B) . we tested different isoforms of Hs-SEPT6 and Hs-SEPT10 observing contrasting results with both 233 sets of isoforms. While the canonical isoform of Hs-SEPT6 functionally complemented its yeast 234 ortholog CDC10, its testes isoform with an extended C-terminus failed to do so ( Fig. 5C) . 235
However, when testing the uterine and canonical isoforms of Hs-SEPT10, the opposite was true, 236 with only the truncated uterine form functionally complementing CDC10 (Fig. 5D) . Thus for both, 237 the presence of an extended C-terminus negatively affected the ability of the tested human septin 238 isoforms to replace. Taken together, these results suggest that human septin orthologs can 239 effectively rescue essential CDC10 phenotypes in mating and meiosis. 240 241 Humanized yeast strains differ in cell morphology 242 Eukaryotic cytoskeletal proteins dynamically control cell shape and morphology. We next asked 243 whether humanizing elements of the yeast cytoskeleton would result in any visually obvious 244 phenotypic changes to cell morphology. Using light and fluorescence microscopy, we imaged the 245 14 humanized strains generated and quantified cell shape and size across >22,000 individual cells 246 (Materials and Methods). In the case of humanized heavy myosins, Hs-MYH7B and Hs-MYH11, 247
we did not observe any obvious defects in the cell morphologies, but introducing Hs-MYH1 and 248
Hs-MYH9 induced a slight size increase leading to more spherical cells ( Fig. 6A, S7A ). However, 249 the effect, while significant, was small, and their median sizes were within 1% of wild-type ( Fig.  250 6A, S7B). In contrast, strains with humanized actins, tubulins, and septins had visibly different 251 cell morphologies ( Fig. 6A, S7 ). Humanizing actin visibly reduced cell size, resulting in 252 round/spherical cells with small buds (Fig. 6A, S7A) . Complementing human ɣ-tubulin Hs-253 TUBG2 showed the opposite phenotype, resulting in enlarged and ovoid cells ( Fig. 6A, S7) . The 254 endogenously replaced human β-tubulin, Hs-TUBB4, also showed reduced cell size ( Fig. 6A , 255 S7A). Since αand β-tubulins physically associate to form heterodimers we introduced human β-256 tubulins Hs-TUBB4 and Hs-TUBB8 into a strain expressing GFP-tagged α-tubulin 52 (TUB1-GFP), 257 allowing us to visualize microtubules and measure if chimeric yeast-human αβ-tubulin 258 heterodimers assembled appropriately ( Fig. S8A) . Surprisingly, we observed visibly different cell 259 morphologies when humanizing Hs-TUBB4 ( Fig. S8A) , indicating a synthetic genetic interaction 260 between the GFP tagged form of TUB1 and Hs-TUBB4, absent from the interaction of Hs-TUBB4 261 and native TUB1. Examining the distributions further, we observed a bimodal distribution of cell 262 sizes ( Fig. S8B) for Hs-TUBB4 suggestive of cell cycle defects (as for TUB2 Ser172 mutations 53 ). 263
In contrast, the cell morphology and microtubule assembly of the Hs-TUBB8 TUB1-GFP strain 264 appeared similar to wild-type. 265 266 All replaceable septin strains (Hs-SEPT3, Hs-SEPT6, Hs-SEPT9, and Hs-SEPT10) showed 267 abnormal cell morphologies ( Fig. 6A, B, S7A) , notably reminiscent of elongated pseudohyphal 268 forms often seen in pathogenic and invasive fungal species 54-56 . The fraction of elongated cells 269 differed across human septins, with Hs-SEPT3 producing lower proportions of elongated cells 270 ( Fig. 6A, S7A ). To assay whether this effect arose from defective cytokinesis, we quantified the 271 nuclei per cell by DAPI staining. We indeed observed that the cells were multinucleated (Fig. 6C) . 272
Despite this severe cell morphology defect, all replaceable human septins still enabled the strains 273 to maintain growth rates comparable to wild-type strains (Fig. 3D) . Taken together, we found that 274 multiple human septins can rescue the essential meiotic and segregation roles of In spite of rescuing lethal growth defects, the humanized strains showed visible cell morphology 280 defects consistent with the known roles of the humanized genes. These defects suggested that the 281 complementing human orthologs might be failing to perform some of the non-essential roles of 282 the yeast genes for regulating cell shape and morphology. While the replaceable human 283 cytoskeletal genes functionally complement the lethal growth defect caused by deletion of their 284 yeast orthologs, we hypothesized that they failed to fully interface with their constituent interaction 285 networks, thereby breaking key non-essential interactions regulating cell morphology. If true, this 286 would imply that the humanization of a particular cytoskeletal yeast gene might phenocopy the 287 deletion of its corresponding non-essential yeast interaction partner(s) ( Fig. 7A) . 288
289
To test this hypothesis, we curated genetic interaction partners of all humanizable yeast orthologs 290 from the Saccharomyces Genome Database (SGD) 10,55 and mined the Saccharomyces Cerevisiae 291
Morphological Database (SCMD) 56,57 , a database cataloging the morphologies of ~1.9 million 292 cells across 4,718 haploid non-essential gene deletion backgrounds in yeast and measuring ~ 501 293 cell shape parameters. Specifically, we considered the humanized strains showing drastic 294 morphology changes and computed the ratio of long to short cell axes as a measure of cell 295 roundness or elongation. Deletion strains with elongated phenotypes (i.e., similar to humanized 296 septin strains) would have higher axes ratios, and strains with round/spherical cells (i.e., similar to 297 humanized actin strains) would have axes ratios centered around 1. We found a significant overlap 298 between the interactors of humanizable cytoskeletal genes and their observed phenotypes when 299 deleted (p ≤ 2.44 x 10 -6 for septin and ≤ 7.46 x 10 -10 , Fig. 7B , Table S5 ) suggesting 300 that the replaceable human orthologs may indeed fail to maintain non-essential interactions 301 controlling cell shape and morphology. It is possible that the amplification of cytoskeletal elements 302 in the human lineage may have led to distribution of specific sub-functions and/or loss of 303 interactions across duplicated human genes compared to the opisthokont ancestor. Our 304 observations suggest that replaceable human cytoskeletal genes functionally complement the 305 essential roles of their yeast ortholog, but simultaneously break key non-essential cytoskeletal 306 associations, thereby phenocopying the deletion of their interaction partners. share thousands of orthologous genes and high-throughput humanization assays in yeast have 316 found that many human genes are capable of substituting for their yeast orthologs with rates up to 317 47%, depending on strains and assays 5-7,9-11 . Most of these complementation tests until recently 318 were performed in the absence of gene family expansions and revealed many humanizable 319 systems, including the proteasome, and sterol and heme biosynthesis pathways 5-9,11 . In this study, 320 we sought to better understand the functional equivalence of human and yeast orthologs that play 321 key structural roles in the eukaryotic cytoskeleton, particularly focusing on how gene family 322 expansions in cytoskeletal lineages might have diversified in function across their respective gene 323 families. 324 325 By systematically humanizing key structural components central to the yeast cytoskeleton, we 326 determined that 5 of the 7 (~71%) assayed eukaryotic cytoskeletal gene families could be 327 successfully humanized by at least one human ortholog within a family. In all, 13 (26%) out of 50 328 tested human cytoskeletal proteins could at least partially substitute for the corresponding yeast 329 gene and complement a lethal growth defect caused upon loss of the yeast ortholog ( Fig. 3A) .
Interestingly, these results are broadly consistent with our previous study, where 17 (~28%) of 60 331 tested regulatory genes of the human cytoskeleton replaced their yeast orthologs 11 (Fig. S1) . 332
333
It is noteworthy that we were unable to successfully humanize yeast with any member of the 334 myosin light chain or αtubulin gene families, suggesting extensive functional divergence in yeast-335 human ortholog pairs resulting in failure to substitute for each other across species. This variation 336 in replaceability was not merely explainable by obvious patterns across human genes (at least as 337 captured by the variation in their expression patterns across tissues; Fig. S10A ), nor was it 338 explained by their degree of sequence similarity. As with previous yeast humanization studies 9 , 339 sequence conservation among replaceable and non-replaceable human cytoskeletal genes did not 340 significantly predict replaceability (Fig. S10B) For the septin gene family, which has expanded to consist of 7 yeast genes to 13 in humans, we 357 found evidence for functional divergence across family members in both human and yeast 358 lineages, with human genes tending to only fulfill a subset of specific roles of their yeast 359 ortholog(s). While none of the human septin orthologs individually rescued essential roles of the 360 yeast CDC3, CDC11, and CDC12 genes, we found that 4 human septin orthologs (Hs-SEPT3, Hs-SEPT6, Hs-SEPT9, Hs-SEPT10) complemented CDC10's essential roles in meiosis and 362 sporulation. However, severe mating defects caused by deleting CDC10 in a haploid strain 363 background were completely rescued by every assayed member of the human septin family ( Fig.  364   5A, B) , indicating that all human septin orthologs executed the roles of their yeast counterparts to 365 at least some extent. Extending this theme further, we saw that replaceability of Hs-SEPT6 and 366
Hs-SEPT10 differed based on their protein isoforms, demonstrating functional divergence not just 367 across human septin paralogs but also within splice forms of a gene (Fig. 5C, D) . Taken Models to estimate ortholog groups respectively. We curated a total of 59 human cytoskeletal 420 proteins with yeast orthologs in the 7 major cytoskeletal gene families (Table S2 ).
Cloning human cytoskeletal ORFs 422
Human genes were extracted from the ORFeome 38 , a collection of E. coli strains, each containing 423 a single human ORF cDNA cloned into a Gateway 'entry' vector 70 . Human genes cloned in this 424 manner are flanked by attL recombination sites. To generate yeast expression vectors, the human 425 entry vectors were isolated and subjected to Gateway LR reactions with a yeast Gateway 426 'destination' vectors followed by transformation into competent E. coli to obtain yeast expression 427 clones. We used destination vectors from the Advanced Yeast Gateway kit 70 , specifically the 428 pAG416-GPD-ccdB (CEN, URA) destination vector. Since the original version of this vector does 429 not encode a stop codon immediately after the cloning region (which is also not encoded in 430
ORFeome genes), this results in a ~60 amino acid tail being translated to any protein expressed 431 from it. To eliminate potential issues from the tail, we mutagenized the vector downstream of the 432 cloning region to introduce a stop codon, thereby shortening the tail to six amino acids 9 . Prior to 433 performing complementation assays, all expression clones were verified by Sanger sequencing to 434 ensure there were no sequence errors or mutations in the human cytoskeletal genes prior to 435 complementation assays in yeast. In all, 40 human genes were assayed using tetrad dissection (Fig. S2A) : The yeast heterozygous 442 diploid deletion strain collection 33 (obtained from ATCC) with one allele replaced with a 443
Kanamycin-resistance (KanMX) cassette was used. Human genes in Gateway entry clones 444 (pDON223) were curated from the Human ORFeome collection 38 and cloned into yeast destination 445 vectors. We transformed each human clone or an empty vector control into the appropriate yeast 446
Magic Marker strain and grew them on SC-URA + G418 (200µg/ml) to select for the human clone 447 (URA) and KanMX (G418) simultaneously. Transformants were then plated on GNA-rich pre-448 sporulation media containing G418 (200µg/ml). Individual colonies were inoculated into a liquid 449 sporulation medium containing 0.1% potassium acetate, 0.005% zinc acetate, and were incubated 450 at vigorous shaking at 25˚C for 3-5 days. Following this, sporulation efficiency was estimated by 451 microscopy, and successful sporulations were subjected to tetrad dissection and analysis using standard protocols 71 . Successful dissections were replica plated both on 5-FOA (for plasmid 453 counter-selection) and YPD + G418 (for yeast null allele selection). Successful complementations 454 consisted of 2:2 segregation with survival on YPD+G418 and failure to grow on 5-FOA ( Fig.  455   S2B) . We subsequently performed quantitative growth assays (in triplicate) on the tetrads passing 456 the 5-FOA and G418 segregation test (Fig. S2B, S2C) . Each profile (Fig. S2C) was analyzed and 457 quantified to detect any growth defects in yeast. 10 out of 40 human genes assayed in this manner 458 functionally rescued yeast from the lethal phenotype. (Table S2) . 459
Yeast temperature-sensitive (ts) assays 460
Where available, temperature-sensitive (ts) strains from Li et.al. 22 were used to assay human gene 461 complementation. These strains grow ideally at lower permissive (22-26˚C) but not restrictive 462 temperatures (35-37˚C). We transformed each human gene expression vectors and empty vector 463 control plasmids into the corresponding ts strains (Fig. S3A) . Transformants were plated on SC-464 URA media at both permissive and restrictive temperatures allowing us to control for 465 transformation efficiency and expression toxicity while simultaneously testing for functional 466 replacement by the human gene (Fig. S3B) . Successful complementations consisted of 467 transformants with the human gene surviving at both conditions (growth at permissive or 468 restrictive temperatures) while those with the empty vector failing to survive at restrictive 469 temperatures. Successfully humanizable strains were then subjected to quantitative liquid growth 470 assays to monitor robustness of complementation (Fig. S3C) . 471 3. Genomic replacement via CRISPR-Cas9 472 29 human genes were assayed using a CRISPR-Cas9 mediated yeast genome editing protocol as 473 previously described 8, 37 . For every yeast gene to be replaced endogenously, a minimum of 2 474 synthetic guide RNAs (sgRNA) with high ON-target and low OFF-target scores were designed 475 using the Geneious v10.2.6 CRISPR-Cas9 tools suite. Selected sgRNAs were ordered as oligos 476 from IDT and cloned into yeast CRISPR-Cas9 knockout plasmids from the yeast toolkit (YTK) 72 477 to express a synthetic guide RNA, Cas9 nuclease and a selectable marker (URA) (see Table S4  478 for guide sequence and primers). Wild-type yeast strains (s288c/BY4741) were transformed with 479 a knockout plasmid and a repair template in the form of a PCR amplicon composed of the human 480 open reading frame flanked with sequence homology to the targeted yeast locus (Fig. S4A) . 481
Transformants were selected on SC-URA medium to select for the knockout plasmid. While 482 CRISPR-mediated double-stranded breaks are intrinsically lethal, targeted editing of an essential 483 gene locus acts as an added layer of selection in replacing the human gene of interest, allowing 484 cells to survive only if the human ortholog being assayed functionally replaces the yeast gene at 485 the appropriate locus 8,37 . Surviving colonies (Fig. S4B) obtained in the presence of repair templates 486 were screened for successful humanization by colony PCR using primers outside the region of 487 homology. Confirmed clones were Sanger sequenced and subsequently subjected to quantitative 488 liquid growth assays to evaluate overall fitness. In the case of tubulins, all CRISPR-Cas9 assays 489 were carried out in a BY4741 tub3Δ strain to avoid homologous repair of the TUB1 locus by the 490 TUB3 gene. To generate diploid strains homozygous for human β-tubulin alleles, we replaced the 491 yeast TUB2 allele in our heterozygous diploids by re-transforming the CRISPR-Cas9 and sgRNA 492 expression vector specifically targeting yeast β-tubulin allele (TUB2) and selected for viable 493 strains without supplying an external repair template, forcing homology -directed repair of the 494 TUB2 lesion by the human ortholog(s) on the other homologous chromosome. 495
Growth Assays 496
Liquid growth assays were performed in triplicate using a Biotek Synergy HT incubating 497 spectrophotometer in 96-well format. All humanized strains were pre-cultured to saturation in 498 YPD and diluted into 150µL of medium to finally have 0.05-0.1 x 10⁷ cells/ml. Each growth assay 499 lasted for 48 hrs, with absorbance measured at 600nm every 15 min. For human genes assayed 500 using heterozygous diploid deletion collections, growth assays were performed in YPD, SC-URA, 501 and YPD+G418 medium to confirm retention of the plasmid and selection of the deletion allele 502 respectively. For CRISPR assays, humanized strains were grown in YPD. Human genes assayed 503 via temperature-sensitive alleles were grown at both temperatures (permissive and restrictive). 504
Growth curve data was processed in Rstudio and plotted using the ggplot2 package. 505 506
Microscopy and image analysis 507
For DAPI staining, cells were grown in liquid medium to saturation and fixed in a final 508 concentration of 3.7% (v/v) formaldehyde for 10 minutes at room temperature. Cells were then 509 washed with water and 1M sorbitol after which they were resuspended in sorbitol (1x of the 510 original volume) and fixed in 50% ethanol (final concentration). The cells were washed and 511 resuspended in 1M sorbitol. DAPI was then added to the solution to a final concentration of 1µg/ml 512 and incubated for 5-10 min at room temperature. 
Mating assays 527
Since the genes assayed via CRISPR were tested in BY4741 (genotype MATa his3Δ1 leu2Δ0 528 met15Δ0 ura3Δ0), the humanized strains were mated to a BY4742 derivative (genotype MATα 529 his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 mkt1-D30G rme1-ins308A tao3-E1493Q) so that diploids could be 530 selected on SC-LYS-MET medium. Strains were first patched on a YPD plate. The humanized 531 strain being assayed and its complementary mating strain were streaked perpendicular to each 532 other and were grown overnight. These were then replica plated on SC-LYS-MET media to select 533 for diploids. Diploids were grown overnight on GNA rich pre-sporulation medium. Individual 534 colonies from this plate were inoculated into a liquid sporulation medium containing 0.1% 535 potassium acetate, 0.005% Zinc acetate, and were incubated at vigorous shaking at 25˚C for 3-5 536 days. Spores were dissected on a YPD plate using a similar protocol, as described previously. 537
Dissected spores were replica plated on SC-LYS and SC-MET media to select haploid spores. This 538 assay enabled subsequent mating of humanized haploids to each other and also generating 539 homozygous diploids for the human genes via CRISPR-Cas9. All heterozygous diploids were 540 scored for spore viability and 2:2 segregation of LYS, MET, and MAT loci. We extracted the human cytoskeletal gene set from the available expression data normalized via 552 FPKM. The normalized data was then processed in Rstudio and plotted with ggplot2 using the 553 ggridges package. 554 555 SCMD-SGD database searching and evaluations 556 557 Genetic interaction data for each assayed yeast cytoskeletal gene was downloaded from the 558 Saccharomyces Genome Database 4,69 (SGD) to curate all the interaction partners for the assayed 559 yeast cytoskeletal gene set. Imaging data and morphology parameter files were downloaded from 560 the Saccharomyces Morphological Database 77 (SCMD) website. As relevant parameters to the 561 phenotypes observed in the case of actin and septin interactors, we specifically examined the long 562 (C103) and short axis (C104) lengths of mother cells budded (SCMD cell types B and C) and 563 unbudded cells (SCMD cell type A). C103/C104 ratios were calculated and ranked in ascending 564 order. We reasoned that deletion strains resulting in small cells with round phenotypes (similar to 565 our humanized actin yeast strains) would have ratios close to 1. In contrast, abnormally shaped 566 cells (similar to our humanized septin yeast strains) would have larger (>1) C103/C104 ratios. We 567 ranked the deletion collection phenotypes by the long to short axis ratios of the budded cells as 568 measure of circularity. Significance was determined by the hypergeometric test (Table S4) . strains grow at similar rates in comparison to wild-type (BY4741). Since Hs-ACTG2 and Hs-612 TUBG2 were assayed via temperature sensitive suppression of the yeast ortholog, their inferior 613 growth rates are likely due to a combination of inefficient replaceability and growth at higher temperatures of 37°C. Solid lines represent the mean and shaded boundaries demonstrate +/-615 standard deviation of 3 replicates each. For additional growth features see Table S3 . 
Saccharomyces cerevisiae

Homo sapiens
Sc-ACT1
Hs-ACTG1
Hs-ACTB
Hs-ACTBL2
Hs-ACTA1
Hs-ACTC1
Hs-ACTG2
Hs-ACTA2
Sc-CDC11
Sc-CDC12
Sc-CDC10
Hs-SEPT3
Hs-SEPT9
Hs-SEPT6
Hs-SEPT10
Hs-SEPT1
Hs-SEPT5
Hs-SEPT4
Hs-SEPT14
Hs-SEPT8
Hs-SEPT11
Hs-SEPT2
Hs-SEPT7
Hs-SEPT12
Sc-MYO1
Hs-MYH11
Hs-MYH10
Hs-MYH15
Hs-MYH7B
Hs-MYH7
Hs-MYH6
Hs-MYH9
Hs-MYH3
Hs-MYH2
Hs-MYH4
Hs-MYH1
Sc-MLC1
Hs-MYL9
Hs-MYL10
Hs-MYL7
Hs-MYL1
Hs-MYL5
Hs-MYL6B
Hs-MYL6
Hs-MYL3
Hs-MYL4
Light myosin
Hs-TUBA3E
Hs-TUBA3D
Hs-TUBA8
Hs-TUBA1B
Hs-TUBA3C
Hs-TUBA4A
Hs-TUBA1A
Hs-TUBA1C
Sc-TUB1
Replaceable * * Not replaceable Not essential
Not tested
Essential for meiosis (Assayed via segregation)
Hs-TUBG1
Sc-TUB4
Actin
Heavy myosin Septin
α-Tubulin γ-Tubulin
Hs-TUBB1
Hs-TUBB2C
Hs-TUBB2B
Hs-TUBB4
Hs-TUBB6
Hs-TUBB3
Hs-TUBB8
Hs-TUBB2A
Hs-TUBB5
Sc-TUB2
β-Tubulin
Anc A Hs-SEPT3 Hs-SEPT6 Hs-SEPT9
Hs-SEPT10
Hs-ACTBL2
Hs-TUBB4
Hs-ACTG2
Hs-SEPT3
Hs-TUBB8
Wild-Type
Hs-MYH11
Hs-MYH7B
Hs-SEPT9
Hs-MYH1
Hs-MYH9
Hs-SEPT10
Hs-TUBG2 
Hs
Hs-ACTBL2
Hs-TUBB8
Hs-TUBB4
Hs-TUBG2 Hs-SEPT10
Hs-SEPT6
Hs-SEPT3
Hs-MYH11
Hs-MYH7B
Hs-MYH1
Hs-MYH9
Cell Area (Log μm ) SEPT9   TUBA1A   TUBA1B   TUBA1C   TUBA3C   TUBA3D   TUBA4A   TUBA8  TUBB   TUBB1   TUBB2A   TUBB2B   TUBB3   TUBB6   TUBB8   TUBG1 
